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IVIem. ASIVIE 
Effects of a Nonabsorbable Gas 
on Interfacial Heat and Mass 
Transfer for the Entrance Region 
of a Falling Film Absorber 
An analytical solution is presented for the effect of air (nonabsorbable gas) on the 
heat and mass transfer rates during the absorption of water vapor (absorbate) by a 
falling laminar film of aqueous lithium bromide (absorbent), an important process 
in a proposed open-cycle solar absorption cooling system. The analysis was restricted 
to the entrance region where an analytical solution is possible. The model consists 
of a falling film of aqueous lithium bromide flowing down a vertical wall which is 
kept at uniform temperature. The liquid film is in contact with a gas consisting of a 
mixture of water vapor and air. The gas phase is moving under the influence of the 
drag from the falling liquid film. The governing equations are written with a set of 
interfacial and boundary conditions and solved analytically for the two phases. Heat 
and mass transfer results are presented for a range of uniform inlet air concentrations. 
It was found that the concentration of the nonabsorbable gas increases sharply at 
the liquid-gas interface. The absorption of the ab.wrbate in the entrance region 
showed a continuous reduction with an increase in the amount of air. 
Introduction 
Air conditioning systems using regeneration of a liquid desic-
cant to the atmosphere from a thin film, open-flow collector 
represent a radical departure from traditional cooling technolo-
gies. Solar energy is utilized to increase absorbent solution con-
centration resulting in an increase in chemical potential that can 
be used to drive a cooling process. This open-cycle concept 
was first discussed by Kakabaev and Khandurdyev (1969) while 
Collier (1979) presented the first system analysis. During the 
regeneration phase, the aqueous solution containing the absor-
bent and absorbate is exposed to the atmosphere allowing air 
to be entrained within the solution and which may subsequently 
be released from the solution in the low pressure absorber. In 
addition, the make-up water introduced into the evaporator also 
carries additional amounts of air into the absorber. These pro-
cesses indicate that the presence of nonabsorbable gases (in 
this case, primarily air) in the absorber is unavoidable. The 
nonabsorbable gas will accumulate at the liquid-gas interface, 
resulting in a reduction in absorption. 
Studies of the effect of a nonabsorbable gas on the heat and 
mass transfer in film absorption are relatively rare in the litera-
ture, but much has been published on the effect of a nonconden-
sable gas in film condensation because of its importance in 
power plants. Although these two problems have some strong 
similarities, there is a major difference between them. The con-
densation problem requires only temperature and pressure equi-
librium at the liquid-gas interface whereas the absorption prob-
lem requires concentration, temperature, and pressure equilib-
rium at the interface. This additional requirement of 
concentration equilibrium significantly complicates the prob-
lem. In condensation, the water vapor-air system has received 
the most attention, owing to its importance in many industrial 
applications. Evidence from both experimental and analytical 
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results for the gravity flow condensation problem indicates that 
degradation in the condensation rate results directly from the 
presence of the noncondensable gas. 
One of the earliest reports of heat and mass transfer in film 
absorption with the presence of a nonabsorbable gas was made 
by Haselden and Malaty (1959) in which they studied a system 
using ammonia and water in the presence of air. They reported 
that a two percent volumetric concentration of a nonabsorbable 
gas resulted in a five percent reduction in mass transfer while 
a 13 percent concentration resulted in a 35 percent reduction. 
For a five percent volumetric concentration of a nonabsorbable 
gas, the heat-transfer coefficient was reduced seven percent, 
while for a 13 percent concentration, the heat transfer coefficient 
was reduced 75 percent. These experiments were conducted at 
atmospheric pressure which is considerably greater than the 
absorber pressure in this work where the emphasis is on absorp-
tion refrigeration. 
More recent experimental data have been provided by Burdu-
kov et al. (1980) in which the effect of a nonabsorbable gas 
on the absorption of water vapor by aqueous lithium bromide 
flowing down a bundle of horizontal tubes was investigated. 
Their results indicate a 50 percent reduction in mass transfer 
for as little as 0.5 percent volumetric concentration of a nonab-
sorbable gas. At a nonabsorbable gas concentration of two per-
cent, the reduction in mass transfer was reported as 60 percent, 
but any additional increases in nonabsorbable gas concentration 
showed no further reduction in the mass transfer. Probably the 
most serious drawback to this investigation was that the conclu-
sions were based on only four data points. 
Yang (1987), in his experiment for a laminar wavy film of 
aqueous lithium chloride, found that absorption reduction was 
significantly lower than that reported by Burdukov et al. (1980) 
and reported that the reduction was continuous for up to 30 
percent volumetric concentration of air. 
Nakoryakov and Grigor'eva (1980) studied the combined 
heat and mass transfer for the entrance region but without a 
nonabsorbable gas. They used boundary layer equations and 
assumed that a thermal boundary layer is formed on the solid 
waU and that both thermal as well as diffusion boundary layers 
are formed on the film free surface. 
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This work is an extension of the work of Grossman (1987) 
who also studied the combined heat and mass transfer for the 
entrance region of a falling film. He included the effects of a 
nonabsorbable gas; however, this work includes a more general 
governing equation for momentum and species. The exact dif-
ferences are noted below. 
Analysis 
Consider a falling film of aqueous lithium bromide flowing 
down an isothermal vertical wall. The liquid film is in contact 
with a mixture of water vapor and air. The gas phase is moving 
under the influence of the drag from the liquid phase only. Thus, 
a hydrodynamic boundary layer develops in the gas phase, as 
illustrated in Fig. 1. 
Figure 1 also illustrates the variations of concentration and 
temperature through the liquid film in the streamwise direction. 
The hquid at .t = 0 is at a state of nonequilibrium with the vapor; 
consequently, a process of simultaneous heat and mass transfer 
takes place at the interface and extends its effect gradually into the 
film. A thermal boundary layer, 6„, and a concentration boundary 
layer, 6 ,̂, begin to develop and grow in thickness. The relative 
growth of these boundary layers depends on the magnitude of 
the Lewis number, Le. For the practical problem of interest, Le 
is greater than 100; hence, the thermal boundary layer develops 
much faster than the concentration boundary layer. It is also 
observed from Fig. 1 that another thermal boundary layer, 6^, 
develops from the solid wall; however, the wall effect is not felt 
at the interface for the entrance region. Thus, a core of uniform 
temperature and concentration exists between the two thermal 
boundary layers. The entrance region for the film can be defined 
as the distance from the entrance (A: == 0) to the point where the 
two thermal boundary layers merge, i.e., 6',, + 6^ = A. 
Governing Equations for the Liquid Phase 
The following assumptions were used for analyzing the liquid 
phase. The physical properties of the liquid solution are constant. 
The flow is assumed to be fully developed laminar flow with a 
parabolic velocity profile. The transverse velocity component is 
not taken into consideration so that an analytical treatment of the 
gas side is possible. The mass of vapor absorbed per unit time 
Bulk Gas 
Region 
Fig. 1 Variations of the concentration and temperature through the iiq-
uid film in the streamwise direction 
is negligible compared to the mass flow rate of the liquid and, 
therefore, the film thickness is considered constant. Since the 
thermal boundary layer at the interface (5„ is very thin, the velocity 
across this boundary layer can be considered to be constant and 
equals 3/2 times the average velocity of the film. Equilibrium 
conditions exist at the liquid-gas interface. The Peclet number is 
large enough such that the diffusion in the flow direction can be 
neglected. The interface temperature and absorbate concentration 
are constant in the entry region. Hence, the energy and the diffu-
sion equations across the film are 
dx a, 
dC „ d'-C 
with the boundary conditions 
T= T„ at y = 0, 





N o m e n c l a t u r e 
C = concentration of absorbate in solu-
tion (kg water/kg solution) 
Ce = equilibrium concentration of ab-
sorbate in solution at To and P, 
(kg water/kg solution) 
C„ = equilibrium concentration of ab-
sorbate in solution at the interface 
(kg water/kg solution) 
Cp = specific heat (kJ/kg K) 
Di = diffusion coefficient of absorbate 
in liquid (m^/s) 
Dg — diffusion coefficient of air in water 
vapor-air mixture (m^/s) 
Fr = Froude number, v^/{gA) 
Ha = heat of absorption (kJ/kg) 
J = mass flux (Fig. 4) , (mole/m^ s) 
Ja = mass flux (Fig. 4) in absence of 
nonabsorbable gas (mole/m^ s) 
k = thermal conductivity (kJ/m s K) 
M = molecular weight of species in gas 
phase 
Le = Lewis number, a/D 
Pe = equilibrium vapor pressure of ab-
sorbate (mmHg) 
Po = initial vapor pressure in the solu-
tion at Co and To (mmHg) 
P, = total pressure of the absorber 
(mmHg) 
Py = vapor pressure in the gas phase 
(mmHg) 
Pe = Peclet number, RePr 
Pr = Prandtl number, via 
Rc; = Reynolds number in the liquid, 
u6lv 
T = temperature (K) 
Tg = equilibrium temperature of solu-
tion at Co and F, (°C) 
M, u = velocity in the streamwise and 
transverse directions (m/s) 
W = mass fraction of species in gas 
phase 
x,y = coordinate in the streamwise and 
transverse directions 
Greek Letters 
a = thermal diffusivity (m^/s) 
P = coefficient in Eq. (25) 
A = liquid film thickness (m) 
6 = boundary layer thickness (m) 
^ = nondimensional distance in flow 
direction 
7] = similarity parameter for energy 
equation 
9 = nondimensional boundary layer 
thickness 
V = kinematic viscosity (m^/s) 
^ = similarity parameter for diffusion 
equation 
p = density (kg/m^) 
Subscripts 
V = water vapor 
a = air 
g = gas phase 
/ = liquid phase 
n = interface 
o = inlet 
°o = S,i < y < (A - S,^) for y > 0 or 
\y\ > Sfoty <0 
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T=T„ as y - 0= [(A - 5,J >y> 5„], (5) Solution 
C=C„ as y^oo [(A - <5,J >y> 6,]. (6) 
Governing Equations for the Gas Phase 
The following assumptions are applied to the analysis for the 
gas phase. All properties are constant. The flow is laminar. The 
concentration of air at the liquid-gas interface is independent 
of the streamwise coordinate. Also, as in the liquid phase, diffu-
sion in the streamwise direction is assumed to be negligible. 
Body forces are negligible. There is no slip between the two 
phases. If the energy equation is neglected in the gas phase, the 
governing equations for continuity, momentum, and species for 






du du d u 
u ——\- V — = Vg — r 
ox dy ay 
dx dy " dy^ 
Boundary Conditions and Interfacial Relations 







Along the liquid-gas interface. 
u = u„ 
1 n ^ ^ " 




















The preceding governing equations are solved using the 
method outlined below to provide the saUent parameters at the 
liquid-gas interface, viz., C„, Wa„, T„, and P„„. 
For the liquid phase, the similarity solutions for Eqs. (1) and 
(2) subject to the boundary conditions, Eqs. ( 3 ) - ( 6 ) , are 
T={n- T„)eTf(v) + r„ 
C = ( C „ - C „ ) e r f ( 0 + C„ 
(16) 
(17) 





y, ^ = 
D,x 
At the interface, the temperature and concentration of the 
liquid are related to the partial pressure of the water vapor 
through the equilibrium relation. On the other hand, the partial 
pressure of water vapor at the interface is a function of the 
concentration of air in the gas phase. So, it is necessary to solve 
for air concentration in the gas phase. 
The continuity equation permits t; to be found in terms of «. 
Integrating Eq. (7) with respect to y from y = 0 to y = 6, 
where S is the hydrodynamic boundary layer thickness, and then 
applying Leibnitz's formula results in 
V6 = V„ 
d_ r 
dx Ja 
u dy. (18) 
Integrating Eq. (8) from y = Q to y - 8, substituting Eq. 
(18), applying Eqs. (10) and (11), and applying Leibnitz's 






















y - O 
In 
T„(C, - C„) + C„(n - T„) + (T,C„ - r , C ) 
(T, - T„){C, - C„) 
An approximate, but reasonable, velocity profile is needed for u 
in Eq. (20). The parabolic velocity profile satisfies the boundary 
conditions, i.e.. 
- ' ' - ! (21) 
X'"' t (15) 
Equation (12) represents the impermeability of the interface 
to the nonabsorbable gas, Eq. (13) represents the continuity 
of mass for the absorbate through the interface, and Eq. (14) 
represents the continuity of energy through the interface. Equa-
tion (15) is the equilibrium relation which relates the concentra-
tion of the absorbent to the water vapor pressure and tempera-
ture at the interface (Grossman, 1987). This relation was 
checked against a subroutine for a data fit for lithium bromide-
water or lithium chloride-water in contact with water vapor, 
developed by Siebe (1986). The maximum error over the range 
of interest is about 1.5 percent. 
Substituting the velocity profile into Eq. (20) and carrying out 
the integration and differentiation produces 
d8 „ V,, 10ti„ 
dx Un 0U„ 
(22) 
An equation for v„ can be obtained from Eqs. (12) and (13) 
and by noting that pg = p„ + p„: 





Differentiating Eq. (17) with respect to y and substituting into 
Eq. (23) results in 
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Vn= — {Co ~ C„) (24) 
After substituting Eq. (24) into Eq. (22), the following defi-
nitions can be used to nondimensionalize Eq. (22): 
C A ^ , Pr„ 
6_ 
A 
The result is 





0.00 0.01 0.02 0.03 0.04 0.05 0.06 
Fig. 3 Concentration of LiBr and mass flux ratio at the interface as a 
function of the inlet concentration of the nonabsorbable gas 
The solution to Eq. (26) with the boundary condition ^ = 0, 
at ^ = 0 is 
[/3 + (/5' + 2 0 P r ) ' " ] C " ' . (27) 






While the energy equation was neglected in the gas side analy-
sis, Pr̂ j was introduced in order to nondimensionalize Eq. (22). 
However, no energy transport effects are included in Eqs. (26) 
and (27) as a^ can be eliminated from each. 
The integral form of Eq. (9) is 
Assuming that the concentration of air takes the parabolic pro-
file, then 
w — w 
^^ an ^^ a^ 
= 1 





dy ' dy 
• (28) 
y-^ 
Substituting the above expression into Eq. (31), and utilizing 
the previously defined nondimensional parameters and the ex-
pression for v„ that can be obtained by substituting Eq. (32) 
into Eq. (30) gives 
Using Leibnitz's formula and substituting the boundary condi-
tions (Eqs. (10) and (11)) gives 
dd 5Ai;„lV„= 
dx 
] u{W„ ~ 
Jo 
Waoo)dy = - D , 
dy 
+ v„{Wa„ - M/„oo). 
j-K) 
Introducing Eqs. (30) and (27) into Eq. (33) gives 
a ^ I /-, p Wax 
Eq. (12), 
v„ 
" Wa„ dy 
(29) 
(30) 
[/? + (/?' + 2 0 P r , ) " ' ] ^ ; ' " = 
which requires that 
Wa„ = W, 
d^^ ^" ' (W„„-W„„) 
2/? 










Once again, it appears that Wan includes energy effects 
through Pr^; however, ag can be eliminated from Eq. (35), 
removing this apparent dependency. Rearranging Eqs. (16) and 
(17), which are the solutions for T and C in the liquid phase, 
substituting into Eq. (14) for both C„ and T„, and simplifying 
results in 
312.0 ^ 
Tn = Ta + Ha 
1 
r T p"2 
{C„-C,). (36) 
- 311.0 
Finally, the partial pressure of water vapor at the interface is 
required and can be determined by assuming that the gas is a 
binary mixture of perfect gases and utilizing the equation of 
state for a perfect gas, resulting in 
0.0 
0.00 0.01 0.02 0.03 0.04 O.OS 
«'« 
Fig. 2 Interfacial temperature and nonabsorbable gas concentration at 
the interface as a function of the inlet concentration of the nonabsorbable 
gas 
(1 - Wa„)P, 
(1 - W,„(l - MJMa)) 
(37) 
In summary, the above solution provides four equations, Eqs. 
(15), (35), (36), and (37), from which the four unknowns 
C„, Wan, T„, and P„„ can be determined. 
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Results and Discussion 
A case study was chosen for a typical operating condition 
for an absorption chiller. The operating parameters are inlet 
solution temperature, 309.15 K; inlet solution concentration of 
LiBr, 0.6 mass fraction; absorber vapor pressure, 7.02 mmHg; 
film thickness, 0.38 mm; liquid film Rc/, 25; Pr,, 20; and Fr,, 
8. The inlet concentration of the nonabsorbable gas was varied 
from 0-5 percent. For these conditions, the entrance length from 
Nakoryakov and Grigor'eva (1980) is 25A. 
Figure 2 shows the mass fraction of air at the interface as a 
function of the inlet air concentration. As expected, the air 
concentration at the interface increases with an increase in the 
inlet air concentration. The steep gradient for bulk air concentra-
tion < 1.0 percent indicates that the interfacial air concentration 
is greatly affected by small additions of air to the vapor. Figure 
3 shows the concentration of the absorbent, in mass percent 
LiBr, on the liquid side of the interface as a function of the 
inlet concentration of nonabsorbable gas. As indicated in Fig. 
2, an increase in inlet air concentration results in an increase 
in the air concentration at the interface. This higher concentra-
tion of the nonabsorbable gas increases the resistance to mass 
transfer at the interface which effectively reduces the amount 
of absorbate transferred to the absorbent. Therefore, as shown 
in Fig. 3, an increase in inlet concentration of the nonabsorbable 
gas increases the absorbent concentration as less absorbate is 
transferred to the LiBr. Figure 2 also shows the interfacial tem-
perature as a function of the inlet concentration of the nonab-
sorbable gas. The decreasing interfacial temperature for an in-
creasing inlet air concentration is a direct result of the reduced 
mass transfer, as shown in Fig. 3, as less heat of absorption is 
released in the absorbent. Figure 3 also shows the reduced mass 
flux, i.e., the ratio of the water vapor mass flux at the interface 
with the presence of a nonabsorbable gas to the mass flux of 
water vapor at the interface in the absence of a nonabsorbable 
gas, as a function of the inlet air concentration. This figure 
indicates the significant role of the nonabsorbable gas in reduc-
ing the mass flux at the interface. For instance, a two percent 
concentration of nonabsorbable gas reduces the mass flux 50 
percent when compared to the mass flux for a gas containing 
only water vapor. 
Grossman (1987) also solved the heat and mass transfer 
problem in the entrance region for a falling film of aqueous 
LiBr. The model of Grossman (1987) and the model presented 
here are identical in their treatment of the liquid phase; however, 
the two models differ in their treatment of the gas phase. In 
this model, the boundary layer approximations are solved for 
momentum and species, while the Grossman (1987) model con-
siders only the energy and diffusion equations. Thus, while the 
transverse velocity term is included, conduction is neglected on 
the gas side in the present model. On the other hand, Grossman 
(1987) includes conduction and further assumes the velocity to 
be uniform in the gas phase and, therefore, the transverse veloc-
ity is zero. As a consequence of this assumption, the Grossman 
(1987) model includes only the diffusion term for the mass 
balance on the absorbate at the interface while the convective 
term is neglected. 
The data in Fig. 3 were reformulated to facilitate a direct 
comparison with Grossman's (1987) reduced mass flux as a 
function of the mass fraction of air, as shown in Fig. 4. It 
should be pointed out that the reduced mass flux in Fig. 4 is 
not equivalent to the mass flux ratio of Fig. 3 and has an upper 
limit which is a function of the liquid-gas diffusion resistance 
ratio. As expected, both curves show a decrease in the reduced 
mass flux for an increase in the mass fraction of air in the bulk 
of the gas. However, the mass flux ratio for the present study 
GrDssman (1987) 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 
Fig. 4 Comparison of the reduced mass flux absorbed at the interface 
as a function of the inlet concentration of the nonabsorbable gas 
is significantly greater than that for Grossman (1987). This 
difference is due to two factors. With the inclusion of the gas 
side convection term in the absorbate mass balance in this 
model, the absorbate concentration at the interface will be 
greater leading to a higher absorption rate. On the other hand, 
neglecting gas-side conduction leads to a higher interfacial tem-
perature which results in both the liquid-side water vapor pres-
sure and the vapor partial pressure on the gas side to increase. 
Since the mass transfer rate is directly related to the difference 
between these two pressure terms, the net effect on absorption 
should be minimal. Figure 4 indicates that the effect of the 
inclusion of the convection term dominates the exclusion of gas 
side conduction resulting in a reduced mass flux that is greater 
than that predicted by Grossman (1987). 
Conclusions 
An analytical model was developed to predict the simultane-
ous heat and mass transfer during absorption of water vapor by 
a liquid film absorbent. The model is applicable to the entrance 
region. The analysis revealed the important role of the nonab-
sorbable gas in reducing the mass transfer rates, and as a conse-
quence, degrading the absorption process. 
Previous investigations (Grossman, 1987) have overesti-
mated the effects of a nonabsorbable gas on the mass transfer 
of the absorbate to the absorbent. This is primarily due to the 
treatment of the gas phase in which only the diffusion terms 
were included in the mass balances for the two gas species at 
the interface. 
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